The effect of heating rates ranging from 5 ᵒC min -1 to 350 ᵒC min -1 on the yields of pyrolysis 9 products of wood and its main pseudo-components (cellulose, hemicellulose and lignin) have 10 been investigated at a temperature of 800 ᵒC in a horizontal fixed bed reactor. Results showed 11 a successive dramatic increase and decrease in gas and liquid yields, respectively, while the 12 yields of solid products showed a gradual decrease as heating rates increased. Increased gas 13 formation and an increasingly aromatic oil/tar support the theory of rapid devolatilization of 14 degradation products with increasing heating rate, leading to extensive cracking of primary 15 pyrolysis vapours. Solid products with coal-like calorific value and large surface areas were 16 obtained. CO became the dominant gas both on a mass and volume basis, at the heating rate of 17 350 ᵒC min -1 for all samples except xylan, which also produced a significant yield of CO2 (20.3 18 wt% and 25.4 vol%) compared to the other samples. Cellulose produced a gas product with 19 highest calorific value of 35 MJ kg -1 at the highest heating rate. Results also indicate that the 20 three main pseudo-components of biomass each exert a different influence on the products of 21 high temperature wood pyrolysis. 22
Introduction 28
Biomass pyrolysis is one of the most advanced thermochemical technologies for biomass 29 conversion into renewable fuels and chemicals. Pyrolysis of biomass is generally characterized 30 by both primary and secondary reactions ( 
pyrolysis. 40 41
The predominant reactions and eventual products' distribution during the pyrolysis process are 42 determined by nature of biomass feedstock and process conditions including the type of reactor. 43
The nature of biomass refers to its type, the thermal and physical properties as well as chemical 44 compositions. In terms of pyrolysis process conditions, important parameters such as reaction 45 temperature, heating rate, reaction pressure, residence times and presence of catalysts (Sun et and presence of a catalyst may be used to tune the distribution and composition of products. 49
Depending on the reactor configuration, temperature, heating rate and vapour residence times 50 have the greatest influence on the prevailing pyrolysis regime ranging from slow to ultra-fast 51 pyrolysis (Wang et al., 2008) . The distribution of pyrolysis products therefore depends on how 52 these three parameters, in addition to feedstock type, are managed. In general for a given 53 feedstock, heating rate and temperature influence the rate of biomass degradation and 54 devolatilization, which influence the chemical properties of the initial pyrolysis intermediate 55 species, from which eventual molecular pyrolysis products are formed. In a fluidised bed 56 reactor, small particle sizes, fast heating rates and short residence times ensure that fast 57 pyrolysis is achieved at different temperatures above 400 ºC, leading to a majority liquid 58 product via mainly primary reactions. In a fixed bed reactor, high temperatures and high 59 heating rates can lead to high degradation and devolatilization rates, which may lead to the 60 formation of highly reactive intermediate species (e.g. radicals). Even under short residence 61 times, these devolatilized reactive species could react with each other to give different final 62 pyrolysis products. 63
64
In the literature particular attention is paid to the study of pyrolysis for liquid fuel production 65 leading to a wealth of data on studies of so-called fast and flash pyrolysis processes, where the 66 aim is rapid heating rates and rapid volatile quenching ; and slow pyrolysis (Duman et al., temperature pyrolysis which are also relevant to processes such as gasification and combustion, 72 contribute to the understanding of thermochemical biomass conversion. 73
74
High temperature pyrolysis of biomass, when combined with appropriate heating rates can be 75 used to obtain high yields of high calorific value gas products and tars with consistent chemical 76 compositions (Blondeau & Jeanmart, 2012; Zanzi et al., 1996) . In this case, high temperatures 77 would provide the activation energies required to break most covalent bonds in biomass, 78 leading to formation of light molecular weight species. Researchers have reported that higher 79 temperatures promote the production of gaseous process products comprising of hydrogen, 80 methane, CO and CO2; evidenced by increased gas volumes due to enhanced cracking and 81 ). In addition, the same factors that favour increased 95 pyrolysis gas formation may inadvertently lead to simplification of components of oil/tar 96 products into organic compounds with simple structures, which are often useful. Therefore, 97
further cracking and condensation of hydrocarbon gases can lead to the production of simple 98 but highly stable aromatic hydrocarbons (Kantarelis et al., 2009). Furthermore, increased 99 mm particle size. The biomass components in the form of cellulose (microcrystalline), lignin 125 (Kraft alkali) and hemicellulose (xylan) samples used were each of particle size < 180 µm. The 126 cellulose was supplied by Avocado Research Chemicals, UK, while lignin and hemicellulose 127 samples were obtained from Sigma-Aldrich, UK. These were used as is without further 128 treatment. The proximate and ultimate compositions of the samples were determined using a 129
Stanton-Redcroft Thermogravimetric analyser (TGA) and a Carlo Erba Flash EA 112 130 elemental analyser, respectively. The results of these analyses are presented in Table 1 . The 131 moisture contents of the samples determined by TGA analysis were 6.4, 4.7, 4.1 and 6.7 wt% 132 for wood, cellulose, lignin and xylan respectively. 133
134
Pyrolysis experiments were carried out in a purpose-built horizontal fixed bed reactor, shown 135
in Figure 1 . The reactor was made up of a horizontal stainless steel cylindrical tube of length 136 650 mm and internal diameter of 11 mm. The reactor was heated externally by a Carbolite 137 electrical tube furnace which provides a heated zone of length 450 mm and can be easily 138 controlled to provide the desired final temperature and heating rate. The sample was introduced 139 to the reactor via a sample boat, which was a stainless steel cylindrical tube with a cup at its 140 end for holding the sample. The sample boat was designed to be easily, horizontally inserted 141 into and withdrawn from one end of the reactor. During experiments, the sample boat was 142 placed at the centre of the reactor's heated zone for effective heating. A thermocouple was also 143 integrated into the sample boat, designed to be placed concentric to the walls of the sample 144 boat, thereby providing the temperature at the centre of the sample. 145 146
Procedure for pyrolysis 147
Experiments involving the effect of heating rates (5, 90 and 350 °C min -1 ) were performed to 148 a final temperature of 800 °C. All experiments were performed with 1.0 g of the each sample 149 loaded unto the sample boat and inserted into the reactor which was continually swept with 150 inert nitrogen gas at a flow rate of 100 mL min -1 . The pyrolysis vapour residence time within 151 the reactor was estimated as 9 seconds based on the reactor volume and nitrogen flow rate. The 152 actual sample heating rates were monitored with the thermocouple inserted at the centre of the 153 sample boat and these were found to be very close to the reactor heating rate. Pyrolysis vapours 154
were purged from the reactor by the nitrogen flow into two sets of glass condensers; the first 155 was water-cooled and the second with a glass wool trap was immersed in dry ice. The non-156 condensable gases were collected in a sampling bag for off-line analysis by gas 157 chromatography (GC). Solid products remained in the sample boat and were weighed and 158 collected for analysis after the reactor cooled. Each experiment was carried out twice in order 159 to determine repeatability and the reliability of the pyrolysis reactor, under identical conditions. 160
Experimental results were reproducible within 3.5%, indicating that the reactor used in this 161 work was reliable for pyrolysis investigations. 162 163
Analysis of pyrolysis products 164

Gas Analysis 165
Non-condensable gases which were collected in the sample gas bag were analysed by GC. A 166
Varian 3380GC with dual packed columns and dual thermal conductivity detectors (GC/TCD) 167 was used to analyse and determine the yields of permanent gases (H2, CO, O2, N2 and CO2). 168
The column for CO2 analysis was of 2 m length by 2 mm diameter with Haysep 80 -100 mesh 169 packing material. Analysis for H2, CO, O2 and N2 was carried out in a second column of 2 m 170 length by 2 mm diameter packed with 60 -80 mesh molecular sieve. A second Varian 3380 171 GC with a flame ionization detector (GC/FID) was used to analyse and determine the yields of 172 hydrocarbons gases (CH4, C2H4, C2H6, C3H6, C3H8, C4H8 and C4H10) with nitrogen carrier gas. library were used to qualitatively identify the major 'unknown' compounds in the oil products. 198
In addition, FTIR analysis of the raw liquid samples was carried out using a Thermoscientific, 199 
3.1
Effects of heating rate on Gas, Oil and Solid distribution 214 Table 2 shows the result of the effect of heating rate on the pyrolysis of waste wood, lignin, 215 cellulose and hemicellulose at a final high temperature of 800 °C. Table 2 shows that three 216 different major product fractions -solid residue, oil/tar and gas -were produced from the tests 217 as expected (Balat, 2008; Bridgwater, 2003; Demirbas, 2001) , at a final temperature of 800 °C, 218 and at the chosen average heating rates of 5, 90 and 350 °C min -1 . It is clear from Table 2 that 219 varying the heating rate of pyrolysis influenced the yields of the three major products from the 220 four samples. For the wood pellets, gas yields increased from 14.5 wt% at a heating rate of 5 221 °C min -1 to 54.1 wt% at 350 °C min -1 , while solid residue yields decreased from 26.7 to 14.2 222 wt%, respectively. The oil/tar yields initially showed an increasing trend from 49.5 to 57.4 223 wt%, with the heating rate, from 5 °C min -1 through to 90 °C min -1 . However, when the heating 224 rate was ramped up to 350 °C min -1 , a sharp reduction in the liquid yield to 27.4 wt% occurred, 225 which corresponded to a sharp increase in the gas yield mentioned earlier (54.1 wt%). Similar 226 results have been obtained from other researchers for the pyrolysis of different biomass 227 feedstocks at high final temperatures of up to 900 °C. Williams et al. (Williams & Besler, 1996) 228 reported that increasing the heating rate for pine wood pyrolysis from 5 to 80 °C min -1 resulted 229 in increased production of oil and gas while reducing the yield of char. Becidan et al. (Becidan 230 et al., 2007) showed that, compared to the low heating rate, a higher heating rate of 115 °C 231 min -1 resulted in increased gas yield and reduced liquid and char yield during pyrolysis of waste 232
biomass. 233 234
These results demonstrate how the combination of heating rate and temperature can be very 235 influential for controlling the product yields from pyrolysis. The heating rate in combination 236 with the particle size impacts pyrolysis by affecting how long it takes for the sample to get to 237 the final pyrolysis temperature. More importantly, high heating rates should result in a more 238 even and rapid heat transfer to the loaded sample in the fixed bed reactor, as a result of the 239 relatively small particle size. Therefore, the increased gas yield during investigations at the 240 heating rate of ≈ 350 °C min -1 , would have resulted from the relatively more uniform 241 degradation of the covalent bonds in the biomass with the activation energy provided by the 242 rapidly increasing temperature. Moreover, the high temperature environment within the reactor 243 heated zone also meant the primary pyrolysis vapours were equally subjected to rapid 244 secondary heating, which led to extensive so called secondary homogenous cracking reactions 245 of the liberated primary pyrolysis products (Blondeau & Jeanmart, 2012), thus converting the 246 biomass derived primary products to the simplest gas molecules. Furthermore, it is expected 247 that although the average heating rate of the bulk sample as measured by the temperature sensor 248 is relatively rapid (6 K s -1 ), the condition in the reactor was non-isothermal as a result of the 249 particle sizes being > 300µm (Blondeau & Jeanmart, 2011), as well as because of particle being 250 packed into the cylindrical sample holder. This would have created both a temperature and 251 heating rate gradient in the sample, with the particles at the outer layer initially experiencing 252 both much higher heating rate than the bulk average as well as higher temperature than the 253 particles at the centre. These sort of conditions, in addition to encouraging secondary 254 homogenous cracking reactions for primary pyrolysis products, especially from the outer 255 located particles, would have also promoted secondary intra-particle (heterogeneous) cracking 256 reactions of the primary pyrolysis products of the particles located especially in the centre of 257 the cylindrical arrangement (Di Blasi, 2008) . This is more so for the most centrally located 258 particles because it is argued that primary pyrolysis products from singular biomass particles 259 would have been released into a somewhat porous wall of other biomass particles hence 260 extending the volatiles-solid contact time as well as cracking effects. 261
262
The quantity of solid residues produced from waste wood pyrolysis declined with the 263 increasing heating rate as shown in Table 2 heating rate for the different pyrolysed samples and their product fractions (gas, oil and solids) 272 at a fixed final temperature of 800 °C, which shows a similar trends to the work of Di Blasi and 273 co-workers (Di Blasi et al., 1999). This indicated that at the experimental conditions, increasing 274 the heating rate resulted in an intensification of the high temperature effects. The plots also 275 indicated that it was possible to estimate the product yields for pyrolysis at our experimental 276 conditions for our samples using simple 2 nd order polynomial equations. 277
278
The products of the separate pyrolysis of lignin, cellulose and hemicellulose exhibited a similar 279 trend to the waste wood sample with increasing heating rate as shown in Table 2 . As the heating 280 rate was increased from 5 to 90 °C min -1 , the oil and gaseous products increased as a result of 281 the release of volatiles from the solid structure of the samples, while the solid product yield 282 decreased. Cellulose and xylan, behave essentially like the waste wood; at the heating rate of 283 5 °C min -1 oil was the product fraction of the highest yield for the cellulose and xylan while at 284 350 °C, gas production became dominant. On the other hand, lignin produced char as the main 285 product at all heating rates. Pyrolysis of lignin has been reported to produce extensive char due 286 to cross linking reactions from the phenolic fractions (Custodis et al., 2014; Kawamoto, 2017; 287
Patwardhan et al., 2011a). 288
Further examination shows that cellulose yielded the highest oil product (54 wt%) at heating 289 rate of 5 °C min -1 , and the highest gaseous product (73.1 wt%) at the heating rate of ≈ 350 °C 290 min -1 . This is in agreement with the proximate analyses results in Table 1 , which shows that 291 cellulose has the highest volatile matter contents of all the three biomass components. Hence, 292 the volatile content was converted mostly into condensable oil/tar during pyrolysis at 5 °C min -293 1 , and mostly into gases during pyrolysis at ≈ 350 °C min -1 . Compared to the cellulose, the 294 xylan sample produced the higher gas and solids yields at the lower heating rates (5 and 90 °C 295 min -1 ), while it produced higher solid but lower gas yield at the heating rate of ≈ 350 °C min -1 . 296
Shen et al. (Shen et al., 2010b ) reported more char formation from xylan than cellulose during 297 pyrolysis up to 750 °C, at fast heating rates. 298 299 Table 2 indicates that the increased gas yield noted for the cellulose and xylan samples at the 300 heating rate of ≈ 350 °C min -1 , were as a result of the conversion of the oil products as well as 301 the solid products, especially for cellulose. However, for the lignin sample the increased gas 302 yield was mostly as a result of the cracking of oil products, as the solid residue remained mostly 303 unchanged when the results of lignin pyrolysis at heating rates of 90 °C min -1 and at ≈ 350 °C 304 min -1 are compared. Caballero et al. (Caballero et al., 1996) pyrolyzed lignin at high heating 305 rate and temperatures up to 900 °C and found that the predominant product was char up to 800 306 °C and then gas followed by char above 800 °C. Again, considering the low volatile matter 307 content of lignin, the low gas and oil yields was not a surprising result under the investigated 308 conditions in this present study. 
3.2
Gas composition 318 Table 3 shows the detailed compositions and mass yields of components in the gas products 319 from the four samples in relation to heating rate at 800 ºC. Clearly, the yields of the gas 320 components increased with increasing heating rates. The highest gas mass yields were 321 Table 3 shows that during pyrolysis at ≈ 350 °C min -1 , the cellulose gave the highest wt% of 365 hydrogen but at low heating, lignin produced the highest wt% of hydrogen, which agrees with 366 the work of others (Yang et al., 2007) during the slow pyrolysis of lignin, cellulose and 367 hemicellulose at 900 °C. The authors attributed the yield of H2 to the cracking of C-H aromatic 368 bonds in the lignin and carbonized residues from the other three samples. This resulted from 369 the release of molecular hydrogen during cross-liking polymerization of carbon atoms, which 370 condense into polycyclic aromatic hydrocarbons and then to char. 371 372
3.3
Semi-quantitative composition of the oil/tar products 373 Table 4 shows the detected compounds from the GC/MS analysis of the oil products from 390 wood, cellulose, xylan and lignin, and with reference to pyrolysis at the different heating rates 391 investigated. The relative abundance of the detected compounds are indicated by asterisks, so 392 that more asterisks in Table 4 indicates increasing weight percent yields of the identified 393 compound. For simplicity, the compounds in the oil/tar have been classified into oxygenates, 394 phenolics, aliphatic hydrocarbons and aromatic hydrocarbons. Table 4 shows that for the oil 395 product from wood pyrolysis, there was a decrease in oxygenates, while aromatic compounds 396 increased with increasing heating rate. As an indication of the effects of heating rate on the 397 yields of the different classes of organic compounds in the oil/tar, a selection of compounds 398 detected in the oil/tar; representing oxygenates, phenols aliphatic and aromatic hydrocarbons 399 have been made. Figure 5 showed the weight percent yields of cyclopentanone, phenol, indane 400 and naphthalene in the pyrolysis oils from waste wood. Clearly, the yields of naphthalene 401 increased from 0.1 -3.2 wt%, with increasing heating rate from 5 to ≈ 350 °C min -1 for the 402 pyrolysis of wood. In contrast, the yields of cyclopentanone and phenol showed a decreasing 403 trend. As the heating rate was increased, the high temperature effects were intensified, which 404 resulted in the cracking of products such as the oxygenates and other simple aliphatic 405 compounds, into gases as well into the more thermally stable aromatics via Diels-Alder 406 reactions. Such cyclization and aromatization processes led to increased refining of the oil and 407 loss of sides groups resulting from cleavage of weaker bonds. Such refining reactions at the 408 molecular level would increase aromatic content of the liquid products and also increase the 409 formation in the gas products as seen in Tables 2 and 3 . which promoted vapour phase cracking and condensation reactions, leading to the formation 454 of gases and aromatic compounds. However at the heating rate of 5 °C min -1 , the heating effect 455 was minimized as volatiles were gradually released and swept out of the reactor before its 456 temperature could increase to temperatures at which secondary reactions were encouraged, 457 leading to the formation of mostly oxygenated and aliphatic compounds. 458 459
Solid residue characteristics 460
The BET surface area for the solid residues from wood pyrolysis at the lowest and highest 461 heating rates were measured, and indicated that the solids from the pyrolysis at 5 °C min -1 , had 462 a higher surface area (219 m 2 g -1 ) than that for the solids from pyrolysis at ≈ 350 °C min -1 (123 463 m 2 g -1 ). This indicated that during pyrolysis at ≈ 350 °C min -1 , the thermal shock impacted on 464 the wood sample would have caused the volatiles to be violently released from the wood 465 structure, thereby destroying the internal pore structure (Zanzi et al., 1996) of the solid product. 466
In contrast, during pyrolysis at slow heating rate, the volatiles gradually exited the structure of 467 the wood sample. The HHV of the solid residues from both heating rates were similar. For 468 instance, the solid residue obtained at a heating rate of 5 °C min -1 had a HHV of 33.9 MJ kg -1 , 469 while at a heating rate of 350 °C min -1 it was 33.1 MJ kg -1 . Hence, these results demonstrate 470 that high-temperature pyrolysis can be a source of carbonaceous solid materials with large 471 surface areas and coal-like calorific values from biomass. 472 473
Conclusions 474
Overall, this study provided some understanding of high temperature pyrolysis of biomass both 475 as an advanced technology platform for biomass conversion and as pre-processing step for 476 biomass gasification. The pyrolysis of waste wood and its major biochemical components 477 (cellulose, xylan and lignin) were carried out in a fixed bed reactor at three different heating 478 rates and to a final temperature of 800 ºC. A combination of heating rate and high temperature 479 gave profound influence on the yields and compositions of solid residue, gas and liquid 480 products as follows, and in no particular order; 481 
